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Abstract 

Lattice defects impact the optoelectronic properties of monolayer transition metal dichalcogenides 

(TMDs). In particular, chalcogen vacancies are the most prevalent lattice defect in monolayer 

TMDs synthesized by chemical vapor transport methods. In the case of monolayer MoS2, sulfur 

vacancies create mid-gap states and render the material electron-rich. Passivation of these 

defects by acceptor molecules is an attractive way to recover the optical properties. Here we study 

passivation of lattice defects in monolayer MoS2 by oxygen. Using both photoluminescence and 

Raman spectroscopy, we extract electron densities due to sulfur vacancies. We then study the 

kinetics of passivation of these defects using in situ PL and Raman spectroscopy at room 
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temperature and at 77K. The passivation results in a blueshift of the PL and reduction in electron 

density, and the kinetics curves are well fit with a double exponential (two time constants). The 

first (shorter) time constant is a result of cleaning of the surface of MoS2 by the irradiation laser, 

and the second (longer) time constant corresponds to oxygen bonding on to the MoS2. Our study 

shows that passivation of defects with oxygen is a viable and quick technique to enhance the 

optical performance of MoS2 for use in devices.  

Introduction 

Monolayer 2D transition metal dichalcogenides (TMDs) exhibit bright photoluminescence 

emission (PLE) that makes them attractive for use as photoemitters; their form factor is especially 

suitable for flexible electronic applications.1-3 The emission comes from a radiative recombination 

of excitons across a direct bandgap in the visible range of the electromagnetic spectrum, and is 

several orders of magnitude brighter than the PLE from their bulk counterparts.4,5 However, the 

emission can be drastically reduced in the presence of lattice defects through non-radiative 

recombination, limiting the quantum yield of the material.6   

Lattice defects exist mainly in the form of chalcogen vacancies in monolayer TMDs, and 

have been observed in relatively high quantities (up to 3 x 1013 cm-2 or 3 at.%) in monolayer 

crystals grown by chemical vapor deposition (CVD).7,8 Other defects include metal vacancies, 

grain boundaries, tilt boundaries and dislocations,7 all of which can mediate the non-radiative 

recombination of excitons, diminishing the PL intensity from the monolayer TMDs. These defects 

also modulate the charge carrier density within the TMD. In particular, it has been found that 

chalcogen vacancies render the TMD electron-rich, which manifests in an increase in the intensity 

of photo-excited charged excitons (also called trions) compared to neutral excitons.9  

Arguably the easiest and most practical way to increase the quantum yield of a monolayer 

TMD is to electronically passivate the defects by charge transfer from adsorbed molecules. In the 

case of electron-rich TMDs, any electron acceptor species would therefore restore the balance of 
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charges within the layer. Indeed, a number of molecules such as thiols10,11 and various acids12-14 

have been found to be effective at passivating defects in TMDs and improving their optoelectronic 

properties.  

In addition to solvents, oxygen has been shown to also be effective at enhancing the PL 

intensity of exfoliated and CVD-grown MoS2 and other TMDs.15-20 The enhancement by oxygen 

adsorption is of particular interest because of its simple and practical applicability for a variety of 

TMDs. Oxygen adsorption and bonding induces p-type doping in MoS2
15,17,19,21 and other layered 

materials,20,22,23 and is reportedly enhanced in the presence of laser irradiation.17,20 The 

enhancement of PL by laser irradiation is particularly attractive because of the potential for 

patterning and modulating the charge density in the monolayer TMDs. However, the role of the 

laser with respect to photochemistry and the kinetics of the passivation process still remain to be 

explained in detail.  

Here we perform a systematic in situ study to characterize lattice defects in monolayer 

MoS2 and to understand the mechanism of passivation upon laser irradiation. Our measurements 

are preformed on CVD-grown monolayer MoS2 crystals on SiO2 substrates that have been stored 

under ambient conditions for several months after synthesis. The ageing process has been shown 

to render monolayer TMDs with a high density of chalcogen vacancies and a loss of PL 

intensity.23,24 While lattice defects in TMDs have been extensively characterized by electron 

microscopy,7 here we use optical spectroscopy, in particular PL and resonance Raman 

spectroscopy to correlate the PL intensities and emission energies to defect densities. To do this 

we simultaneously measure the Raman and PL spectra from several crystals with both resonance 

(633 nm) and non-resonance (514 nm) excitation. By combining the PL and Raman 

measurements we are then able to extract electron densities. We then measure the kinetics of 

defect passivation at room temperature and at 77K for various laser power densities. We find the 

passivation to occur on two time scales with the whole process achieving completion within a few 

minutes: we attribute the first short time constant to removal of surface adsorbates by the laser, 
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and the second longer time constant to bonding of oxygen at the sulfur vacancy sites. Our 

systematic study shows for the first time the direct relationship between the electronic and 

phononic structure of the MoS2, while at the same time provides valuable insights into the defect 

passivation process. 

 

Results 

Raman and PL characterization of defects 

We start by measuring Raman and PL spectra from 40 different CVD-grown monolayer 

MoS2 crystals on an SiO2 substrate that has been aged in an ambient laboratory environment. As 

mentioned above, the aging process leads to the gradual removal of sulfur atoms, resulting in an 

increase in electron density and hence, intensity of trion emission compared to bi-exciton 

emission.23,24 Figure 1a shows representative PL spectra collected with 514 nm excitation from 

two MoS2 crystals (see Fig. S1a for PL spectra with 514 nm excitation from all the measured 

crystals). The asymmetric emission peak can be deconvoluted into two peaks with the higher 

energy peak at ~1.83 eV corresponding to bi-exciton emission (labeled A) and the lower energy 

peak at ~1.77 eV corresponding to trion emission (labeled A-). The intensity of the A- peak can be 

seen to vary with respect to the A peak between the two spectra; it is more intense in the bottom 

trace compared to the top trace. In addition, the PL emission in the bottom trace is redshifted, 

broadened and less intense than the top trace.  

The variation of trion emission intensity and redshift of PL peaks over all the measured 40 

crystals is captured in Figure 1c, which plots the ratio of intensities of the A- to A peak (IA-/IA) 

against average emission energy. Here for simplicity we measure the average emission energy 

by fitting the PLE to a single Lorentzian peak. Fig. 1c shows that the overall redshift in PL is 

correlated with increasing trion (A-) emission. An increase in the A- emission peak and redshift of 

the PLE corresponds to increased electron density,25 which is presumably a result of increasing 
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sulfur vacancies. The maximum redshift of the emission peak is ~30 meV, and is comparable to 

other reported values of redshifted emission due to n-type doping.25,26 

Figure 1b shows two representative PLE spectra collected using 633 nm excitation (see 

Fig. S1b for PL spectra with 633 nm excitation from all of the measured crystals). Similar to the 

spectra in Fig. 1a, the emission curves can be deconvoluted into A and A- peaks, and exhibit 

similar IA-/IA ratios and redshifted PLE. Importantly, the PL spectra collected from the same spot 

with both the 514 and 633 nm excitations correlate very well (Fig. S2), allowing us to freely 

compare between the two sets of data for each crystal. The reason why we choose 633 nm (1.96 

eV) excitation is its closeness to the optical bandgap energy of monolayer MoS2 (~1.83 eV).  

The near-resonance excitation enables the observation of several non-zone center and 

combination Raman modes, as shown in the inset in Fig. 1b. The most prominent of these modes 

is an asymmetric peak at ~225 cm-1, which arises from scattering of photons by LA phonons at 

the Brillouin zone boundaries. In the case of MoS2, the LA phonon branch crosses both M and K 

points of the Brillouin zone at ~225 cm-1,27 and this peak contains contribution from both phonons. 

However, for this discussion we label this peak as the LA peak and do not distinguish between M 

and K point phonons. The LA peak has been observed to increase in intensity due to lattice 

defects28,29 and its intensity ratio with respect to the E’ Raman peak (ILA/IE’) can be used as a 

measure of defect density.21,30 It is clear in Fig. 1b that the LA peak intensity is higher in the bottom 

(red) trace compared to the top (blue) trace, suggesting a higher defect density in the bottom 

spectrum. This higher defect density also correlates with the increased trion emission in the 

crystals and is depicted in Fig. 1d, which shows the ILA/IE’  ratios plotted against the PLE energies. 

The data in Fig. 1c and 1d have been color coded so that direct comparisons can be made 

between the corresponding data points. Taken together, the data in Figs 1c and 1d show that 

increased trion emission and redshifted PL also corresponds to increased defect density. To our 

knowledge, this is the first time such a correspondence has been shown between the PL and 
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Raman spectra in any TMD, and it highlights the close relationship between the electronic and 

phononic band structure.  

We next examine the frequencies of Raman peaks in the crystals. Under 514 nm 

excitation, MoS2 exhibits two major vibrational peaks, E’ and A’, corresponding to in-plane and 

out-of-plane vibrations of the Mo and S atoms, respectively. We only analyze the Raman peak 

frequencies from the spectra collected with 514 nm excitation owing to the ease in peak fitting 

compared to the complex spectra collected with 633 nm excitation (inset in Fig. 1b). We find that 

the A’ peak redshifts from ~404.5 to ~403 cm-1, concomitantly with the redshift in the PLE (Fig. 

2a), while the E’ peak does not exhibit any noticeable trends (Fig. S3a). The frequency difference 

between the A’ and E’ peaks does increase from ~19.5 up to ~22 cm-1 as the PLE redshifts from 

~1.84 to 1.81 eV (Fig. S3b). A redshift in the A’ frequency has been observed previously in gated 

MoS2 devices where simultaneous Raman and electrical transport measurements were 

performed.31 Interestingly, the E’ peak does not exhibit strong frequency shifts upon gating and 

this insensitivity to doping is a result of weaker electron phonon coupling compared to the A’ 

mode.31  

By comparing our data to Ref. 31, we can get an estimate of the charge densities in our 

samples. In their gated device experiments, Ref. 31 established the dependence of the A’ peak 

frequency on electron density to be -2.22 x 1013 cm. We use this relationship to calculate the 

charge densities corresponding to our measured A’ peak frequencies. While we do not know the 

exact A’ frequency for pristine undoped MoS2 in our sample, we can still calculate relative changes 

in electron density and thereby obtain order-of-magnitude estimates of electron densities.  We 

therefore assume the highest A’ frequency (404.6 cm-1, corresponding to a PLE of 1.84 eV) to be 

that of undoped MoS2, i.e. zero charge, and calculate electron densities corresponding to the rest 

of the A’ frequencies using the above relation. A plot of the PLE against the extracted electron 

densities (n) is shown in Fig. 2b. The calculated electron densities reach a maximum of ~7 x 1012 

cm-2, lower than the charges injected in the gated MoS2 experiments31, but similar to previous 
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measurements of carrier concentration in defective MoS2.32 Our study therefore shows an easy 

way to estimate carrier concentration by combining PL with Raman spectroscopy. We also plot 

the ILA/IE’ ratios against n in Fig. 2c, which shows an increase in the defect-induced LA peak with 

increasing electron density.  

 

Defect Passivation 

Having established that the aged MoS2 crystals exhibit redshifted PL, higher electron 

densities, and increasing intensities of the defect-induced Raman peak, all presumably due to 

sulfur vacancies, we next explore the passivation of these defects with in situ PL and Raman 

measurements. We subject several monolayer MoS2 crystals to laser irradiation at varying power 

densities (ranging from 0.18 to 3.17 x 105 W/cm2, and corresponding to laser powers ranging from 

0.06 to 1.1 mW) and measure the evolution of the PLE and Raman spectra. These in situ 

measurements are performed at atmospheric pressure and under vacuum inside a commercial 

Raman microscope (Renishaw inVia microscope, 100x objective lens and 600 nm spot size). 

Similar to previous reports,17,20 we find that laser irradiation causes an enhancement of PL 

intensity, and its spectral weight blueshifts over time. In our experiments the enhancement 

typically occurs below a power density of 2 x 105 W/cm2 and is stable, i.e. the PL intensity remains 

high after the irradiation process. Higher powers result in a decrease in PL intensity although the 

PLE still exhibits a blueshift.  

Figure 3 illustrates the changes in the electronic and vibrational properties upon irradiation 

at lower (Fig. 3a) and higher (Fig. 3b) power densities. When irradiated with a low power density 

(633 nm excitation at ~0.3 x 105 W/cm2) the PL intensity increases over a duration of ~160s 

(bottom panel in Fig. 3a). The PLE blueshifts concomitantly by ~5 meV (middle panel in Fig. 3a). 

Since the excitation is 633 nm, we simultaneously monitor the evolution of the Raman peaks and 

find a decrease in the LA peak intensity over the duration of the experiment (top panel in Fig. 3a). 

The passivation kinetics curves exhibit a steep initial increase followed by a gradual increase after 
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which the curves stabilize to a final value. We find that the curves are best fit with a double 

exponential, with an initial shorter time constant and a second longer time constant. The time 

constants for the double exponential fit to both the PLE and ILA/IE’ curves in Figure 3a are 4 and 

30s.  

Figure 3b shows what happens at higher power densities (3.17 x 105 W/cm2). The PL 

intensity drops rapidly as soon as the laser irradiation begins, while the emission energy blueshifts 

similar to the case of the low power irradiation. The blueshift of the PLE for several other irradiation 

experiments is shown in Fig. S4. The ILA/IE’ ratio exhibits a slight increase, corroborating the 

decrease in PL intensity and suggesting that the high laser irradiation causes an increase in defect 

density in the MoS2 crystal. The corresponding Raman peaks do not shift significantly (Fig. S5) 

under low laser powers, but blueshift by ~3 cm-1 at higher laser powers (>3 x 105 W/cm2). Notably, 

the Raman peaks do not redshift appreciably (within the ~1 cm-1 resolution of our spectrometer) 

as has been reported for laser irradiation at high power densities (up to 2 x 107 W/cm2)20 or long 

times,17 indicating that there is no significant heating by the laser and that the irradiation is 

occurring at or close to room temperature.  

Time constants calculated by fitting the ILA/IE’ curves for irradiation at various power 

densities are shown in Fig. 4a. Understandably, the time constants decrease with increasing laser 

power. Note that Fig. 4a only shows time constants corresponding to power densities less than 2 

x 105 W/cm2 since we observe a decline in PL intensity, increase in defect density (Fig. 3b) and 

blueshifted Raman peaks (Fig. S5) for irradiation at higher laser power densities. In addition to 

the dependence of time constants on the power density, we also calculate the change in electron 

density before and after laser irradiation by comparing the blueshifts of the PLE (Fig. S4) to the 

PLE versus electron density plot in Fig. 2b. The results are plotted in Fig. 4b, which shows the 

calculated Δn against laser power density, where Δn is the difference between the PLE energy 

after laser irradiation and the initial PLE energy. The negative values of Δn correspond to a 

decrease in electron density, or p-type doping caused by the adsorption and bonding of oxygen 
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to the MoS2. Moreover, Δn clearly increases with increasing laser power density by a factor of ~3. 

The scatter in the data in Fig. 4b arise from the different initial PLE energies in the crystals, which 

in turn depend on their initial defect densities (sulfur vacancies).  

To gain further insight into the passivation mechanism, we compare the kinetics of 

passivation at atmospheric pressure and in vacuum. The low-pressure experiments are 

performed in a standard environmental microscope stage (Linkam Scientific) that is evacuated to 

its base pressure (~10-3 torr). Examples of laser irradiation at low power density (~0.2 x 105 

W/cm2) under vacuum are shown in Figures 5a and 5b, which plot the temporal evolution PL 

intensity and PLE energy, respectively.  For comparison we also include a passivation kinetics 

curve collected using the same power density at atmospheric pressure. We find that the 

passivation in vacuum also follows similar trends as in atmospheric pressure, i.e. increase in PL 

intensity (bottom panel in Fig. 5a) and blueshift of the PLE (bottom panel in Fig. 5b). We attribute 

the blueshift and increase to residual oxygen that is present in the chamber. However, the shape 

of the kinetics curve is different, and the curve can be fit with a single exponential (with a time 

constant ~45 s) rather than a double exponential (with time constants ~7 and ~500 s) in the case 

of atmospheric pressure irradiation (top panels in Figs. 5a and 5b).   

The differences in kinetics between atmospheric and low pressure irradiation suggest that 

the evacuation of the chamber removes organic surface adsorbates that are naturally present on 

the MoS2 layers and that this step is followed by the oxygen passivation (adsorption), resulting in 

a single-step (single-exponential) passivation curve. On the other hand, the laser in the 

atmospheric pressure experiments rapidly irradiates the surface adsorbates, followed by the more 

gradual step of oxygen passivation. This results in the two-step, double exponential passivation 

curve during atmospheric pressure laser irradiation. Furthermore, the dependence of the time 

constants on the laser power density (Fig. 4a) indicates that the initial step of adsorbate removal 

by the laser is faster for higher power densities (lower time constants). With increasing laser 

power, the rapid removal of surface adsorbates is followed by rapid oxygen adsorption into the 
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sulfur vacancies, also resulting in lower time constants. The role of the laser therefore appears to 

be primarily to clean the surface of the MoS2 and allowing the oxygen molecules to adsorb over 

the layer exponentially over time. This process is shown schematically in Fig. 5c. 

Atomic force microscopy does not reveal any discernable differences (within the resolution 

of our instrument) in the topography before and after irradiation (Fig. S6), suggesting that the 

enhancement occurs at the atomic level. Low-temperature PL experiments do provide some more 

understanding into the atomic-level passivation process. These experiments are performed at 

77K in a nitrogen ambient, which is known to enhance an excitonic emission peak ~0.1 eV lower 

than the A and A- exciton emission energies.6 This peak has been attributed to emission from 

excitons bound to lattice defects (XB) in monolayer TMDs.6,33-35 Figure 6 shows an example of the 

effect of laser irradiation on the bound exciton peak intensity. The bottom spectrum in the waterfall 

plot in Fig. 6 contains 3 distinct peaks that are labeled in the figure. In addition to the A and B 

exciton peaks, there appears a broad peak centered at ~1.7 eV, which can be attributed to exciton 

emission bound to defects (XB). The XB peak is asymmetric, and it could be composed of at least 

two sub-peaks, which appear due to emission of excitons bound to mono- and di-sulfur vacancies, 

as reported recently.35 Upon laser irradiation at 77K (excitation at 514 nm, power density 0.32 x 

105 W/cm2), the XB peak intensity clearly decreases and almost completely disappears in less 

than 30s. The inset in Fig. 6 shows the decrease in the intensity of the XB peak relative to the A 

exciton peak. In addition to the changes in relative intensities, the overall intensity of the A exciton 

peak increases as the XB peak decreases. This can be seen clearly in Fig. S6a where the spectra 

are overlaid on to one another. Furthermore, the A exciton peak exhibits a small redshift upon 

laser irradiation, possibly due to an increase in electron density upon irradiation.  Similar laser 

irradiation experiments on several other monolayer MoS2 crystals shows varying initial intensities 

of the XB peak but in all experiments the XB peak intensity decreases over the duration of laser 

irradiation (see Fig. S6b for another example of decreasing XB peak intensity under laser 
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irradiation at 77 K). In addition to the decrease in XB peak intensity, we also observe a decrease 

in the defect density when 633 nm excitation is used (Fig. S6c).  

Our observation of bound excitons at low temperature and the decrease in intensity of 

bound exciton emission agrees very well with the room temperature observation of enhanced PL 

intensity. Furthermore, the in situ PL measurements correlate with changes in the in situ Raman 

spectra where the laser irradiation causes a decrease in the defect-related LA peak.  

 

Conclusions 

In conclusion, we have shown that lattice defects in CVD-grown MoS2 cause a redshift 

and broadening of the excitonic photoemission. Low temperature PL measurements also show 

the presence of excitons bound to defects. These defects produce an increase in scattering of 

electrons by zone boundary LA phonons, which correlate very well with the PL measurements. 

We attribute these defects to sulfur vacancies, which are known to be the most common lattice 

defects in MoS2. By comparing with previous reports, we estimate the resultant increase in 

electron density to be up to 7 x 1012 cm-2 . The vacancies can be passivated by the adsorption 

and bonding of oxygen. In situ PL and Raman measurements show that the passivation process 

is aided by laser irradiation (at low or moderate power densities) wherein the laser first removes 

surface adsorbates (fast kinetics), followed by oxygen bonding at the vacancy sites (slow 

kinetics). The irradiation reduces the electron density in the MoS2 and the laser power density can 

modulate the carrier concentration. Our study provides deeper understanding into the ambient 

laser-mediated passivation process and shows a simple way to passivate tune the electronic 

properties of monolayer MoS2. This approach can be easily extended to all monolayer TMDs that 

have an affinity to bonding with oxygen.   
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Figure 1. Optical characterization of aged monolayer MoS2 crystals with defects. PL emission 

spectra collected with (a) 514 nm, and (b) 633 nm excitation. All spectra have been normalized 

with respect to the Raman peak of the Si substrate and fitted with Lorentzian peaks after 

baseline subtraction. The inset in (b) displays the same spectra but plotted as Raman shift. The 

defect-induced LA peak at ~225 cm-1 is more intense in the lower (red) trace, which also 

exhibits increased trion emission (A- peak). (c) Intensity ratio (IA-/IA) between the trion (A-) and 

bi-exciton (A) peaks plotted against the average PL emission energy (514 nm excitation). (d) 

ILA/IE’ plotted against average PL emission energy (633 nm excitation), showing that increased 

trion emission corresponds to an increase in intensity of the defect-induced LA peak. The 

dashed lines in (c) and (d) are guides to the eye.  
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Figure 2. Relationships between optical data and electron densities. (a) A’ peak frequencies 

plotted against the PL emission energies (excitation at 514 nm). The inset shows the reduced 

peak frequencies  
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Figure 3. Defect passivation kinetics. (a) Effect of low power laser irradiation (PD = 0.3 x 105 

W/cm2) on the PL Intensity (bottom panel), PLE (middle panel) and ILA/IE’ ratio over time. (b) Same 

as in (a) except laser irradiation performed at a higher power (PD = 3.17 x 105 W/cm2). Low power 

densities enhance the PL intensity and lower the defect density, whereas high power densities 

result in the opposite effect.  
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Figure 4. Effect of laser power density on passivation kinetics and carrier density. (a) Average 

time constants obtained from fitting of several passivation kinetics curves to a double exponential 

function, plotted against the power density (PD). Both short and long time constants are plotted 

on the left and right y-axis, respectively. Only PD values less than 2 x 105 W/cm2 are considered 

due to degradation of the PL intensity at higher powers. (b) Difference in charge densities before 

and after the laser irradiation process. The electron density values are obtained by comparing the 

PLE energy to the calculated n values in Fig. 2b. Negative values for Δn indicate a decrease in 

electron density after laser irradiation, or p-doping of the MoS2. The figure indicates that the 

carrier density can be modulated by a factor of 3 by tuning the laser power density in the presence 

of oxygen.  
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Figure 5. Comparison between passivation kinetics in vacuum and atmospheric pressure. (a) 

Evolution of PL intensity over time in laser irradiation experiments performed under vacuum 

(bottom panel) and at atmospheric pressure (top panel). Two different examples are shown for 

the vacuum experiments, corresponding to two different MoS2 crystals. (b) Same as in (a) except 

evolution of the corresponding PLE. The kinetics curves can be fit to a single exponential for the 

vacuum experiments, while a double exponential fit is needed to fit the atmospheric pressure 

data. The fits highlight the mechanistic differences between vacuum and atmospheric pressure 

(see text for more details). (c) Schematic showing the process of defect passivation by laser 

irradiation. As-grown MoS2 contains lattice defects and surface adsorbents that are removed by 

the laser rapidly at the onset of irradiation. This step has a short lifetime (<10 s) 
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Figure 6. Low temperature PL (77K) spectra showing evolution of exciton peaks over the duration 

of a laser irradiation experiment (excitation 514 nm, power density 0.32 x 105 W/cm2. The spectra 

(normalized to the Si Raman peak intensity) are plotted as a waterfall plot, with increasing 

irradiation time from bottom to top. Three exciton emission peaks are observed and labeled in the 

bottom spectrum as XB, A and B, centered at 1.7, 1.85 and 2 eV, respectively. The XB peak 

corresponds to exciton emission bound to defects, and its intensity decreases over laser 

irradiation time (< 30s). The decrease can be seen clearly in the inset, which plots the intensity of 

the XB peak relative to the A exciton peak intensity. 
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Supplementary Information 
 

Passivation of Defects in Monolayer MoS2 – In situ Photoluminescence and 
Raman Studies 

 
 

 
 

Figure S1. PLE spectra collected using (a) 514 nm, and (b) 633 nm excitation from 40 different 

CVD-grown monolayer MoS2 crystals on SiO2. All spectra have been normalized with respect to 

the Raman peak from the Si substrate.   
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Figure S2. Equivalence between 514 and 633 nm data.(a) PL emission energies using 514 nm 

excitation plotted against PL emission energies using 633 nm excitation. Each data point 

corresponds to a monolayer MoS2 crystal that has been irradiated at the same spot with both 

laser excitations. (b) Width of the PL emission peaks using 514 nm excitation plotted against 

width of the PL emission peaks using 633 nm excitation. The widths are obtained by fitting a 

single Lorentzian peak to the emission curves. The data sets can be fit to a straight line with 

slope = 1, making it possible to compare the 514nm and 633nm data.  

 

  
Figure S3. (a) Frequencies of the E’  Raman peak plotted against the PLE energies. Unlike the 

A’ peak, the E’ peak does not exhibit a strong frequency dependence on the PLE energy. (b) 

Frequency difference between the A’ and E’ Raman peaks, plotted against PLE energies.  

 
Figure S4. Variation of PLE with laser power density (x 105 W/cm2) for (a) 514 nm, and (b) 633 

nm excitation.  
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Fig. S5 – Temporal variation of the (a) E’, and (b) A’ Raman frequencies for different laser 

irradiation power densities (514 nm excitation). The peak frequencies do not shift significantly 

for low laser power densities (up to 0.32 x 105 W/cm2) and exhibit blueshifts over time at higher 

power densities. Multiple traces in the figure correspond to irradiation at different spots.  
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Figure S6. (a) The same spectra as in Fig. 6 in the main manuscript, except that they are 

overlaid on top of each other. The enhancement of the A exciton peak intensity upon laser 

irradiation at 77K can be seen clearly. (b) Low-temperature PL spectra (excitation at 514 nm) 

collected at a different spot (crystal), also showing a decrease in the bound exciton (XB) peak 

intensity over time. (c) Resonance Raman spectra (633 nm excitation) collected at 77K, 

showing a small but clear decrease in the intensity of the defect-induced LA peak. The inset 

shows the decrease in LA peak intensity relative to the E’ peak intensity over time.  
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Figure S7. Atomic force microscope images of a monolayer MoS2 crystal that has undergone 

laser irradiation at several spots (indicated by X). No discernable difference before and after 

irradiation can be seen within the resolution of the AFM image. 
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